Abstract: Human inflammatory bowel disease (IBD) is a chronic intestinal disease where the resident microbiota contributes to disease development, yet the specific mechanisms remain unclear. Interleukin-10 gene-deficient (Il10 -/-) mice develop inflammation similar to IBD, due in part to an inappropriate response to commensal bacteria. We have previously reported changes in intestinal morphology and colonic gene expression in Il10 -/-mice in response to oral bacterial inoculation. In this study, we aimed to identify specific changes in the caecal microbiota associated with colonic inflammation in these mice. The microbiota was evaluated using pyrotag sequencing, denaturing gradient gel electrophoresis (DGGE) and quantitative real-time PCR. Microbiota profiles were influenced by genotype of the mice and by bacterial inoculation, and a strong correlation was observed between the microbiota and colonic inflammation scores. Although un-inoculated Il10 -/-and C57 mice 
Introduction
The term "inflammatory bowel disease" (IBD) refers to inappropriate and exaggerated immune-mediated disorders characterised by chronic and relapsing inflammation of the gastrointestinal tract, including Crohn's disease (CD) and ulcerative colitis (UC). Studies suggest that dysbiosis, a harmful shift of the bacterial composition in the intestine, is a major factor in the pathogenesis of IBD, which, through interactions with genetic susceptibility factors, results in the dysregulation of the immune response to bacterial antigens [1] [2] [3] [4] [5] [6] [7] . It is clear that IBD is the consequence of inappropriate activation of the immune system and there is good evidence to show that the microbiota plays a role in the initiation, maintenance, and severity of IBD [8, 9] . For example, inoculation with a simple consortium of seven human-derived IBD-related intestinal bacteria has been shown to induce colitis in germ-free interleukin-10 gene-deficient (Il10 -/-) mice [8] . However, the specific contributions of the autochthonous microbial community have not yet been elucidated due to the complexity of such microbial ecosystems and a consistent microbial profile associated with IBD has yet to be identified [2, 10] .
Studies using animal models of intestinal inflammation such as the Il10 -/-mouse have been crucial in extending our understanding of the pathogenesis of IBD, particularly to dissect the roles of specific bacteria and bacterial factors. For instance, Il10 -/-mice do not develop colitis under germ-free conditions [11] , develop inflammation of the colon only (colitis) when housed in specific-pathogenfree (SPF) environments [11, 12] , and develop chronic inflammation of the small intestine and colon (enterocolitis) when maintained in conventional conditions [12] . Intestinal inflammation in Il10 -/-mice can also be induced by specific bacterial strains including enterococci [13] [14] [15] , E. coli [14, 15] , or Bacteroides vulgatus [11] . These observations led us to examine whether inoculating Il10 -/-mice (C57 background) with Enterococcus species would result in the development of intestinal inflammation, and therefore be an appropriate model of human IBD. Enterococcus species are a common component of the intestinal microbiota of healthy humans and animals [11, 16, 17] , with E. faecalis and E. faecium being the two species most commonly detected in the human bowel [18, 19] . Both species are known to carry a variety of virulence factors (reviewed in [17] ) which may play a role in the establishment of inflammation. In our previous studies, we observed no significant difference in colonic inflammation or colon gene expression levels between Il10 -/-mice (C57 background) and C57 control mice maintained in either conventional or SPF conditions [20, 21] . However, oral inoculation of these mice with intestinal bacteria, and in particular Enterococcus strains, increased colon inflammation compared with non-inoculated Il10 -/-mice, and this inflammation was associated with changes in colon gene expression similar to those in human IBD, in particular CD [20] .
In this study we tested the hypothesis that the increased colonic inflammation observed in Il10 -/-mice receiving an oral bacterial inoculation corresponded with changes in the caecal microbiota of these animals. The caecum is an important repository for bacteria entering the colon, and changes in caecal bacterial profiles during the development of inflammation in this animal model have been shown to be the same as those occurring in both the proximal and distal colon in the same model [22] . We therefore used amplicon pyrotag sequencing of the 16S rRNA gene to compare the caecal bacterial composition from Il10 -/-and C57 mice inoculated with a complex intestinal community (CIF), a mixture of Enterococcus strains (EF), or a combination of the two (EF.CIF), and un-inoculated mice housed in specific pathogen free (SPF) or conventional conditions (C). Specific changes in the caecal microbiota were then examined for correlations with previously reported colonic inflammation scores in these mice [20] .
Experimental Section

Animal Experiments
All animal experiments were approved by the AgResearch Ruakura Animal Ethics Committee, Hamilton, New Zealand (application number 10339) operating under the New Zealand Animal Welfare Act 1999. The animals and experimental design used in this study have been previously described in detail [20] . Briefly, twenty five male Il10 -/-mice (C57 background, Institute for Laboratory Animal Research designation B6.129P2-Il10 tm1Cgn /J; Stock No. 002251) and twenty five male C57 control mice (Stock No. 000664) were received from The Jackson Laboratory (Bar Harbor, ME, USA) at approximately 5 weeks of age. Il10 -/-mice were raised under maximum barrier (i.e., essentially sterile) conditions prior to shipping, while C57 mice were raised under standard barrier conditions [23] . On arrival, mice were housed either in pairs or groups of three (5 mice per treatment) in shoebox-style cages. All mice were provided ad libitum access to water and AIN-76A powdered diet. The diet for all groups was sterilised by gamma irradiation (25 kGy, Schering-Plough, Wellington, New Zealand) to a level required for SPF conditions. Both Il10 -/-and C57 mice were randomly assigned to one of five treatment groups with five animals per group; one group of mice was housed in isolator cages (SPF); a second group was maintained under conventional conditions (C), and the remaining groups were kept in conventional conditions and orally inoculated with 12 Enterococcus faecalis and E. faecium strains listed in Table S1 (EF), conventional intestinal flora (CIF), or a 1:1 combination of the two (EF.CIF). Bacterial inoculations were given in a volume of 200 μL. CIF was derived from the intestinal contents of healthy age-matched C57BL/6 mice raised under conventional conditions, and was included to mimic the normal microbiota of healthy animals. Briefly, healthy, age-matched C57BL/6 mice were euthanised by CO2 asphyxiation and cervical dislocation, the gastrointestinal tract (from stomach to just below the caecum) removed, and digesta collected in sterile PBS, as previously described [20] . Each 200 μL of the EF inoculum contained 1.2 × 10 8 colony forming units (CFU), while 200 μL of the EF.CIF inoculum included 6.0 × 10 7 CFU from the EF inoculum. While the CIF inoculum has not been characterised (e.g., CFU within this inoculum were not assessed), the mice from which this was obtained were acquired from the same source for all subsequent studies using this protocol, and we have demonstrated a consistent effect on colon inflammation [20, [24] [25] [26] [27] and microbiota profile [28] in response to the EF.CIF inoculation. Bacterial solutions for oral inoculation (EF, CIF, and EF.CIF) were prepared as previously described [20] .
Sample Collection
At 12 weeks of age, all mice were euthanised by CO2 asphyxiation and cervical dislocation. To minimise time variation between the last food intake and sampling, mice were fasted overnight (14 h) before sacrificing. On the morning of sampling, food was returned for 2 h followed by a further 2 h fast immediately prior to euthanasia upon which the caecum and its contents were removed from each mouse and frozen in liquid nitrogen.
Caecal Bacterial DNA Extraction
Metagenomic DNA was extracted from caecal contents using the QIAamp DNA stool minikit (Qiagen, Hilden, Germany) according to the manufacturer's instructions.
Pyrotag Sequencing Analysis of Caecal Bacterial Composition
For pyrotag sequencing, the V4-V6 (V456) region of the bacterial 16S rRNA gene was amplified using forward primers containing the GS FLX A adapter sequence, an 8 nucleotide "barcode", and template specific sequence (5′-CGTATCGCCTCCCTCGCGCCATCAG NNNNNNNN AGGCCAGC AGCCGCGGTAA-3′, with 'N' indicating barcode nucleotides), and reverse primers incorporating the GS FLX B adapter sequence and template specific sequence (5′-CTATGCGCCTTGCCAGCCC GCTCAG GCCRRCACGAGCTGACGAC-3′) [29] . The amplification mixture contained 50 μL of Roche FastStart PCR Master Mix (Roche, Basel, Switzerland), 2 μL of each primer (20 pmol/μL), 42 μL nuclease-free water, and 4 μL of cDNA or DNA template adjusted to a concentration of 50 ng/μL. Amplification was carried out on a MasterCycler ProS thermocycler (Eppendorf AG, Hamburg, Germany) using the following conditions 95 °C for 4 min, 25 cycles of (95 °C for 30 s; 49 °C for 30 s; 72 °C for 60 s) and 72 °C for 7 min. The expected PCR product size was 604 bp. Products were purified using Roche High Pure PCR Product Purification Kits according to the manufacturer's instructions. Purified products were pooled in equal ng quantities and sent to Macrogen (Seoul, Korea) for unidirectional sequencing from the forward primer using the Roche GS-FLX sequencer with Titanium chemistry.
Sequences were quality filtered and de-multiplexed according to their barcode sequence using the Qiime 1.8 pipeline [30] with default settings. The resulting sequences were chimera checked using the USEARCH method against the Greengenes alignment (release GG_13_8), following which chimeric sequences were removed from subsequent analyses. Sequences showing 97% or greater similarity were clustered into operational taxonomic units (OTUs) using the UCLUST method and representative sequences were assigned taxonomies using the RDP classifier. Principal coordinate analysis (PCoA) of weighted UniFrac phylogenetic distances between communities, and Faith's Phylogenetic Diversity estimates were performed using the core_diversity_analyses.py script in Qiime 1.8. Differences in mean proportions of taxa were analysed using the non-parametric Kruskal-Wallis test in R 3.0.2 [31] , the results of which were corrected for multiple testing using the Benjamini and Hochberg false discovery rate (FDR) adjustment. FDR values <0.05 were considered significant. Significantly different groups were identified using the least significance difference (LSD) test in the agricolae package [32] for R. Spearman's rho correlation (r) of bacterial taxa and previously published intestinal inflammation scores [20] were performed in R 3.0.2.
DGGE Analysis of Caecal Bacterial composition
The V2-V3 region of the 16S rRNA gene of bacteria in each sample was amplified using primers HDA1-GC (5ʹ-CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGGACTCCTACGG GAGGCAGCAGT-3ʹ; underlined sequence indicates the GC clamp) and HDA-2 (5ʹ-GTATTACCG CGGCTGCTGGCA-3ʹ) as described by Tannock et al. [33] . PCR was performed as previously described [28] with the exception that PCR products were digested with Mung Bean nuclease prior to DGGE analysis according to the manufacturer's instructions (Promega, Madison, WI, USA) to remove single stranded DNA fragments. DGGE separation of PCR products was performed using a Temporal Temperature Gel Electrophoresis mutation detection system (CBS Scientific Company Inc., Del Mar, CA, USA) in 6% polyacrylamide gels containing a 35 to 60% (w/v) gradient as described previously [34] . Electrophoresis was performed at constant voltage (65 V) and 60 °C for 14 h. Gels were stained with SYBR Gold (Invitrogen, CA, USA) and visualised by UV transillumination. DGGE profiles were compared from digital images of the gels using BioNumerics software (Applied Maths, Austin, TX, USA). Differences and similarities between the profiles were determining using the Dice similarity coefficient (Dsc). A position tolerance of band matching of 1% was used for all analyses. Distances between samples were represented graphically by constructing a dendrogram using the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) clustering. Principal component analysis (PCA) of band intensities was performed using R 3.0.2. Procrustes rotation analysis for comparing DGGE PCA scores to pyrotag sequence UniFrac distance PCoA scores were performed using the vegan package [35] in R. Procrustes analysis is a method for rotating and scaling points from one ordination (DGGE PCA scores) to be as close as possible to points from another ordination (UniFrac PCoA scores) while maintaining the relative distances between points within each ordination. The closer the ordination points between the different analyses are, the greater the correlation between the two datasets.
Real-Time PCR Quantification of Bacteria
The primers used for real-time PCR, the bacterial groups targeted, and the bacterial strains used for the preparation of the standard curves, are listed in Table S2 . All bacterial strains except E. coli were grown anaerobically overnight at 37 °C. LB medium was used for growth of E. coli and de Man, Rogosa and Sharpe (MRS) broth (Oxoid, Hampshire, UK) supplemented with 0.05% (w/v) cysteine hydrochloride was used growth of E. faecium. Brain Heart Infusion broth (Oxoid) supplemented with 0.5% (w/v) yeast extract, 0.02% (w/v) cysteine hydrochloride, 10 mL per litre haemin (0.05% (w/v)) and 1 mL per litre Vitamin K solution (0.05% (v/v)) was used for the growth of B. fragilis. Bacterial cells were counted using a haemocytometer after 18 h incubation. Standard curves were prepared using genomic DNA extracted from a 10-fold dilution series (1 × 10 4 to 1 × 10 9 CFU/mL) of each bacterial reference strain as previously described [34] . Real-time quantitative PCR was carried out in triplicate on the Rotor-Gene™ 6000 (Corbett Research, Mortlake, NSW, Australia) using 15 μL reactions containing 7.5 μL of Express Sybr GreenER qPCR mix (Invitrogen), either 0.3 μM (for E. faecium. B. fragilis, and total bacteria (HDA-1/HDA-2)) or 0.45 μM (for E. coli and B. vulgates) of each primer (Table S2) , and 75 ng of mouse caecal DNA template. Real-time PCR results were expressed as numbers of bacterial cells per g wet weight of caecal content and analysed by two factor analysis of variance (ANOVA) following log transformation in R 3.0.2, with p < 0.05 considered significant. Significant results were subsequently analysed using the LSD post hoc test.
Results
Inoculation Induced Dysbiosis of the Caecal Microbiota in Il10 -/-Mice
Pyrotag sequencing analysis of DNA extracted from caecal communities generated a total of 118,692 reads with a mean of 2525 reads per sample, a maximum of 4081, and a minimum of 887 reads, which was the value used for subsequent Faith's Phylogenetic Diversity and UniFrac phylogenetic distance analyses.
UniFrac phylogenetic analysis showed that the caecal communities of C57 and Il10 -/-mice under SPF conditions were highly similar ( Figure 1) . Likewise, the C57 and Il10 -/-mice housed under convention conditions (C) showed only minor divergence (Figures 1 and 2 ). Despite the similarity of caecal communities between the two genotypes under SPF and conventional housing conditions, inoculation with bacteria resulted in very different responses from C57 and Il10 -/-mice ( Figure 1 ). Caecal communities of C57 mice inoculated with EF showed a small, but consistent change in the intestinal microbiota composition compared with un-inoculated, conventionally housed C57 mice (Figures 1 and 2 ). In contrast, inoculating Il10 -/-mice with EF led to a substantially altered caecal profile, which was driven by an increase in abundance of the genus Akkermansia (Figure 1 ). Whereas inoculation with EF had only a small effect on the caecal community of C57 mice, inoculation with CIF and EF.CIF resulted in a distinct shift in the microbiota of C57 mice, which was largely driven by an increased abundance of Desulfovibrionales (Figure 1 ). Inoculating Il10 -/-mice with CIF or EF.CIF also led to a large shift in the caecal microbiota compared to un-inoculated Il10 -/-mice. However, unlike with C57 mice, the shift in microbiota of Il10 -/-mice driven by CIF and EF.CIF was mainly due to a relative increase in the genera Bacteroides, Helicobacter, Parabacteroides, and Alistipes ( Figure 1 and Figure S1 ). inoculated with EF, CIF, or EF.CIF, or un-inoculated mice housed in specific pathogen free (SPF) or conventional (C) conditions. Distances between points indicate phylogenetic similarity of communities, with more similar communities placed closer together. Grey spheres indicate the ten most abundant taxa and their contribution to the separation between communities. The size of the grey spheres represent their relative abundance across all communities and the placement indicates which communities have the highest abundance of these taxa: the closer the community is to the taxa, the greater the relative proportions that taxa makes up of the total microbiota in that community. The similarity of caecal microbiota profiles in mice inoculated with CIF and EF.CIF showed that the CIF inoculum had the most influential effect on the microbiota structure. The dominant effect of the CIF inoculum on the caecal community was supported by UPGMA clustering of caecal DGGE profiles ( Figure S2) , which also showed a clear delineation between mice that were inoculated with CIF or EF.CIF and those in different treatment groups. Procrustes rotation analysis showed that there was good concordance between UniFrac phylogenetic analysis of pyrotag sequences and DGGE profiles (p = 0.001; Figure 3 ). -/-mice in treatment groups SPF, C, EF, CIF and EF-CIF. Procrustes analysis is a method for rotating and scaling points from one ordination to be as close as possible to points from another ordination, while maintaining the relative distances between points within each ordination. In this instance the ordination points are Unifrac PCoA scores (tetrahedrons) and DGGE profile PCA scores. Lines separating points indicates similarity of Unifrac and DGGE analysis of the same sample, with short lines indicating greater similarity. Lines and points are coloured according to genotype and treatment group.
In addition to altering the proportions of bacterial groups present in the caecum, bacterial inoculation also changed the diversity of the community (Figure 4) . However, these effects varied depending on mouse genotype. Bacterial inoculation with CIF and EF.CIF increased caecal diversity in C57 mice, whereas Il10 -/-mice inoculated with CIF, EF, and EF.CIF showed decreased caecal diversity compared to un-inoculated conventionally housed Il10 -/-mice ( Figure 4 ). The bacterial inoculation-induced dysbiosis detected by pyrotag sequencing and DGGE were followed up by qPCR quantification of total bacteria, Bacteroides/Prevotella, E. coli, and Enterococcus abundance (Table 1) . Bacterial inoculation had no effect on the total number of caecal bacteria in C57 mice ( Figure 5 ). However, inoculating Il10 -/-mice with EF, EF.CIF or CIF led to a significant decline (p < 0.001) in the total number of caecal bacteria ( Figure 5 ). On the whole, inoculation with EF and EF.CIF did not increase the caecal abundance of Enterococcus, as detected by qPCR. However, a notable exception was in Il10 -/-mice, where EF inoculation led to significant increase (p < 0.001) in
Enterococcus numbers compared to un-inoculated conventionally housed Il10 -/-mice ( Figure 5 ). The correlation between the abundance of Enterococcus detected by qPCR and Enterococcus proportions detected by pyrotag sequencing was remarkably strong, with a Spearman Rho coefficient of 0.81. Similarly, there were high correlations between qPCR abundance of E. coli and sequencing Escherichia/Shigella proportions (Spearman Rho = 0.88), and between qPCR abundance of Bacteroides/Prevotella group and sequencing Bacteroides proportions (Spearman Rho = 0.94). 
Inflammation-Associated Bacteria
Several aspects of the bacterial inoculation induced dysbiosis seen in Il10 -/-mice were associated with the severity of inflammation, which we have previously reported [21] . A strong negative correlation was observed between caecal diversity and inflammation score (r = −0.65; Figure 6 ). Abundance of Escherichia/Shigella from pyrotag sequence analysis and inflammation scores showed a strong positive correlation (r = 0.66). A strong association was also seen between Helicobacter proportions and inflammation (r = 0.58), which was very strong when the observations were restricted to Il10 -/-mice only (r = 0.84; Figure 6 ). Among Il10 -/-mice, prevalence of Alistipes was also highly correlated with intestinal inflammation (r = 0.67; Figure 6 ). However, despite the prevalence of intestinal inflammation seen in Il10 -/-mice inoculated with EF and EF.CIF, there was only a moderate correlation between Enterococcus proportions and inflammation scores (r = 0.44). 
Discussion
Our results show that an oral inoculation with a bacterial preparation (EF, CIF or EF.CIF) caused major changes in the caecal microbiota of Il10 -/-mice compared with un-inoculated (C and SPF)
Il10
-/-mice. Bacterial inoculation also affected the microbiota of C57 mice, but in a different way compared to Il10 -/-mice. Specific changes observed in the microbiota were associated with severity of inflammation in Il10 -/-mice, providing support for the role of dysbiosis in the pathogenesis of IBD.
In our study we examined the effects of oral inoculation with bacteria known to have inflammatory effects (EF), a complex community of large bowel derived bacteria from healthy donors (CIF), or a mixture of both (EF.CIF). We have previously reported that all three inocula caused inflammation in Il10 -/-mice, but not in C57 mice [20, 21] . Although inoculation with E. faecalis has been shown to induce inflammation in germ-free Il10 -/-mice [14, 15] , we have demonstrated that inoculation with Enterococcus (EF) can also induce inflammation in Il10 -/-mice with a resident microbiota.
Furthermore, we have shown that this resident microbiota is very similar to that of wild type C57 mice at 5 weeks of age. While it is perhaps not surprising that inoculation with potential pathogens can cause inflammation, it is clear that inoculation with the intestinal community from healthy donors (CIF) can also cause inflammation. Considering the interest in faecal transplantation as a therapy for inflammatory conditions such as Clostridium difficile infection [36] , our results suggest care is required when selecting suitable donors. Furthermore, we show that a single inoculation of CIF can lead to an altered microbiota in healthy wild-type C57 mice which is still apparent even after 7 weeks, which raises the possibility of relatively long-term changes to the microbiota after just a single event.
It is clear from our study that the introduction of exogenous bacteria led to induction of sustained intestinal inflammation. Whether the inflammation was caused by the bacteria from the inoculum or from changes in the microbial ecosystem following the introduction of inoculum-derived bacteria remains to be determined. It has been proposed that dysbiosis is secondary to the immune response in the Il10 -/-model [37] . This suggests that in our study, inoculation with exogenous bacteria triggers the immune response, causing inflammation which is followed by dysbiosis. The altered microbiota profiles may then act to perpetuate and amplify the inflammatory response [37] . It is also possible that both the initial perturbation and consequent dysbiosis play a role in the pathogenesis of intestinal inflammation. We have previously reported that inoculation of Il10 -/-mice with Enterococcus only (EF) resulted in severe intestinal inflammation that was of similar severity to Il10 -/-mice that had received CIF or EF.CIF [21] . However, the prevalence of Enterococcus in the caecum at the end of the study period did not correlate well with the inflammation scores, suggesting that the combined activity of other members of the community contribute to the severity of inflammation. On the other hand, taxonomic groups that did correlate well with inflammation scores in our study have also been shown in other studies to cause, exacerbate, or are otherwise implicated in intestinal inflammation, such as Escherichia coli, Alistipes, and Helicobacter [8, [37] [38] [39] [40] . Considering the impact that the microbiota has on inflammation, it may seem paradoxical that the increased severity of inflammation was associated with a decrease in caecal diversity and absolute numbers of bacteria. However, this reduction in diversity associated with intestinal inflammation has been observed in a number of other studies [41, 42] . Although the reduction in absolute numbers of caecal bacteria has been less well reported, a reduction in numbers of faecal commensal bacteria in UC and CD patients has also been described [43] . Together, these observations suggest that reduced biodiversity and total numbers of the resident microbiota may expose a genetically susceptible individual to a greater risk of inflammation as the resident intestinal community is less able to recover from disruptions to homeostasis. This could also result in physical exposure of the intestinal cells to either pathogens or environmental triggers. Either or both of these factors may in turn may lead to a disproportionate influence of potentially harmful bacteria such as Helicobacter and E. coli, either due to a change in balance in the competition for resources or the new availability of previously occupied ecological niches. Indeed, the removal of commensal bacteria through the use of antibiotics has been shown to facilitate the expansion of C. difficile and Salmonella enterica serovar Typhimurium by removing competition for host-derived sugars such as sialic acid [44] . It therefore seems prudent to consider the importance of the collective microbiota as a whole, rather than only focussing on any particular taxa, especially in light of our results showing that the effects of a complex community (CIF) appear to dominate the effects of a less diverse inoculum (EF), depending on the genetic background of the host.
Conclusions
In summary, we have described changes in the microbiota associated with intestinal inflammation in a mouse model of human IBD. The results of our study demonstrate that the oral inoculation of Il10 -/-mice with intestinal bacteria results in substantial changes in the caecal microbiota both in quantitative as well as in qualitative terms, and that these changes correlate with the severity of inflammation.
